␤-amyloid (A␤), derived form the ␤-amyloid precursor protein (APP), is important for the pathogenesis of Alzheimer's disease (AD), which is characterized by progressive decline of cognitive functions, formation of A␤ plaques and neurofibrillary tangles, and loss of neurons. However, introducing a human wild-type or mutant APP gene to rodent models of AD does not result in clear neurodegeneration, suggesting that contributory factors lowering the threshold of neuronal death may be present in AD. Because brain ischemia has recently been recognized to contribute to the pathogenesis of AD, we studied the effect of focal brain ischemia in 8-and 20-month-old mice overexpressing the 751-amino acid isoform of human APP. We found that APP751 mice have higher activity of p38 mitogen-activated protein kinase (p38 MAPK) in microglia, the main immune effector cells within the brain, and increased vulnerability to brain ischemia when compared with age-matched wild-type mice. These characteristics are associated with enhanced microglial activation and inflammation but not with altered regulation of cerebral blood flow, as assessed by MRI and laser Doppler flowmetry. Suppression of inflammation with aspirin or inhibition of p38 MAPK with a selective inhibitor, SD-282, abolishes the increased neuronal vulnerability in APP751 transgenic mice. SD-282 also suppresses the expression of inducible nitric-oxide synthase and the binding activity of activator protein 1. These findings elucidate molecular mechanisms of neuronal injury in AD and suggest that antiinflammatory compounds preventing activation of p38 MAPK in microglia may reduce neuronal vulnerability in AD.
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T he ␤-amyloid precursor protein (APP) is a ubiquitous transmembrane glycoprotein and the source of ␤-amyloid peptides (A␤), which are the principal components of amyloid plaques in the brain of patients with Alzheimer's disease (AD), an age-related neurodegenerative disease associated with progressive decline of cognitive functions (1, 2) . Other hallmarks of AD include the formation of neurofibrillary tangles in neurons, loss of synapses, and decreases in cell density in the distinct regions of the brain. These histopathological changes are observed in familial AD, which is caused by mutations in the APP or presenilin genes, in sporadic AD, and in individuals with Down's syndrome, who carry an extra copy of chromosome 21 and overexpress wild-type APP several fold in the brain (3) (4) (5) (6) .
Substantial evidence indicates importance of APP for the pathogenesis of AD, but the mechanism how APP increases neuronal vulnerability in AD is unclear. A large number of epidemiological studies indicate that inflammatory events are involved because antiinflammatory drugs slow the progression of the disease, and reactive microglia and proinflammatory molecules that are secreted by microglia are present at sites of amyloid plaques (7) (8) (9) (10) (11) . The inflammation hypothesis is further supported by the findings that secreted derivatives of APP (sAPP-␣) and A␤ activate microglial cells resulting in death of primary neurons in vitro (12) (13) (14) . However, correlation of amyloid with neuronal death in AD patients is controversial (15) , and several mouse lines transgenic (TG) for wild-type or mutant APP or mutant presenilin genes develop amyloid deposits and chronic inflammation in the brain without increased neuronal loss (16) (17) (18) (19) , suggesting that additional contributory factors that lower the threshold of neuronal death may be present in AD.
There is ample evidence that ischemic stroke, another dementia-causing disease in the elderly, may contribute to the pathogenesis of AD. First, epidemiological studies suggest that risk factors for stroke are associated with AD (reviewed in ref. 20) . Second, 60-90% of AD patients show cerebrovascular pathology at autopsy, and coexistence of stroke and AD occurs more than by chance alone (21) . Third, stroke intensifies the presence and severity of the clinical symptoms of AD and increases AD pathology in the brain (22, 23) . However, the molecular mechanism how ischemia may be associated with AD is unclear.
Because proinflammatory pathways are triggered both in stroke (24) (25) (26) (27) and AD (10, 11) , and antiinflammatory compounds are beneficial in animal models of these diseases (25, (28) (29) (30) (31) (32) , we hypothesized that pathological metabolism of APP enhances inflammation, thereby sensitizing the brain to ischemic insults. To test this hypothesis, we used 8-and 20-month-old mice overexpressing human wild-type APP751 in neurons at the level comparable to APP expression in individuals with Down's syndrome (33) . These mice develop diffuse A␤ deposition and show age-related, specific learning deficits that are independent of amyloid plaque formation (34) (35) (36) . We report that the brains of these mice have increased activity of microglial p38 mitogenactivated protein kinase (p38 MAPK), a central mediator of inflammation, and increased ischemic vulnerability, which is not because of altered regulation of cerebral blood flow but is associated with enhanced inflammation. We also show that inhibition of inflammation by aspirin or inhibition of p38 MAPK by a selective inhibitor abolishes the increased inflammation and sensitivity of the TG mouse brain to ischemia. Thus, neuronal expression of APP may sensitize AD brain to ischemic and Abbreviations: A␤, ␤-amyloid peptide; AD, Alzheimer's disease; AP-1, activator protein 1; APP, ␤-amyloid precursor protein; CBF, cerebral blood flow; iNOS, inducible nitric-oxide synthase; MAPK, mitogen-activated protein kinase; MAPKAP kinase-2, MAPK-activated protein kinase 2; MCA, middle cerebral artery; sAPP-␣, secreted APP; TG, transgenic; WT, wild type; RT, reverse transcriptase. **To whom reprint requests should be addressed. E-mail: jari.koistinaho@uku.fi.
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inflammation-mediated brain injuries, most likely by mechanisms independent of fibrillar A␤ accumulation.
Methods
Animals. All mouse studies were approved by the Animal Care and Use Committee of Kuopio University and follow the National Institutes of Health guidelines for animal care. Mice carrying human wild-type APP751 cDNA under the control of rat neuron-specific enolase promoter have been described (33) . Male, homozygous TG mice originating from two different founder mice (F10 and F15) were used. Both TG pedigrees express 2-to 3-fold the amount of human APP751 protein compared with endogenous mouse APP levels. JU mice of the parental inbred strain served as wild-type (WT) controls. The 8-month-old cohorts were characterized behaviorally at 6 months of age (34) .
Induction of Focal Cerebral Ischemia. Mice were anesthetized with 5% halothane (70% N 2 O͞30% O 2 ) for induction and 1% halothane for maintenance. The rectal temperature was maintained at 36-37°C with a heating pad. Middle cerebral artery (MCA) was exposed (37) and occluded permanently by electrocoagulation.
Drug Treatments. Aspirin (ASA, Sigma) was administered to 8-month-old APP751 TG or WT mice i.p. at the dose of 20 mg͞kg four times at 4-h intervals starting 4 h before the MCA occlusion; 10 mg͞kg of a novel p38 MAPK inhibitor (Scios, Sunnyvale, CA), SD-282, was administered i.p. to 8-month-old mice at 2 h before, 0, 4, and 8 h after the MCA occlusion. Vehicle control mice of the same age were injected with comparable volumes of diluent (0.5% Tween 20 in saline for SD-282, EtOH in saline for ASA).
MRI. A 4.7 T horizontal magnet (Magnex Scientific, Abdington, UK) equipped with actively shielded field gradients (Magnex Scientific) interfaced to a SMIS console (Guildford, UK) was used. T 2 -weighted multislice images (TR 2100 ms, TE 55 ms, matrix size 256 ϫ 128, 20-mm field of view, 0.6-mm slice thickness, 25 slices, a single-spin echo method) were used for the determination of the infarct volume from the anesthetized mice 24 h after the MCA occlusion. Results (mean Ϯ SEM) are expressed as lesion volume percentage from the volume of the contralateral hemisphere. Differences among means are compared with ANOVA followed by Newman-Keuls post hoc test.
A bolus tracking method was used for perfusion MRI to assess the cerebral hemodynamic status. Twenty-four hours before and after the MCA occlusion, 80 l of gadodiamide (0.5 mmol͞liter, Omniscan, Nycomed, Oslo) was rapidly injected into a femoral vein in halothane-anesthetized mice during uninterrupted MRI data acquisition [A FLASH method, TR ϭ 0.3 s, TE ϭ 2.3 ms, ST ϭ 1.5 mm, field of view ϭ 25 mm, matrix size ϭ 128 ϫ 32 (zero-filled to 128 ϫ 128 before Fourier transformation), 75 images at 0.3-s intervals]. Signal intensity variations during the transit of gadodiamide bolus were obtained and were transformed into plots of apparent ⌬R* 2 ϭ Ϫln(S 0 ͞S)͞TE as a function of time. Numerical fitting of the ⌬R* 2 curve into a gamma variate function was used to reduce the effects of recirculation of the contrast agent and to yield quantitative estimates of hemodynamic parameters. An apparent cerebral blood volume and mean transit time were computed from the data. The ratio of cerebral blood volume͞mean transit time was used as an index of relative cerebral blood flow (relCBF) between ipsilateral and contralateral hemispheres.
Determination of Cerebral Blood Flow (CBF) and Cerebrovascular
Reactivity by Laser Doppler Flowmetry. A laser Doppler probe (OxyFlo, Oxford Optronix, Oxford, UK) was placed in the center (1 mm caudal to bregma, 3.5 mm lateral to the midline) and the periphery of the ischemic territory (4.5 mm caudal to bregma, 3 mm lateral to the midline). CBF was monitored continuously 10 min before and 20 min after the MCA occlusion, and data were analyzed with PowerLab System software (A. D. Instruments, Castle Hill, Australia). The procedure for testing microvascular reactivity in mice was modified from Zhang et al. (38) . Briefly, a 1.5-mm hole was drilled 3 mm caudal to bregma and 2 mm lateral to the midline. The dura was removed carefully, and the cortex was superfused with Ringer's solution (pH 7.4, 37°C). CBF was monitored at the site of superfusion with a laser Doppler probe. After the CBF was stabilized, 10 M acetylcholine (Sigma) in Ringer's solution was superfused, and CBF monitoring was continued for 5 min. Data are reported as mean Ϯ SEM.
Physiological Parameters. A polyethylene catheter was placed into the right common carotid artery of anesthetized ischemic (24 h after the MCA occlusion) or nonischemic mice to monitor blood pressure (Cardiocap II, Datex-Ohmeda Division Instrumentarium, Helsinki, Finland) and withdraw blood. Arterial blood samples (75 l) were analyzed for pH, partial pressure of O 2 and CO 2 using a blood gas͞pH analyzer (ABL-5, Radiometer, Copenhagen). Blood glucose was determined by using a One Touch Basic analyzer (LifeScan, Mountain View, CA).
Immunohistochemistry. After perfusion with 4% paraformaldehyde, the brains were postfixed for 12 h, cryoprotected in 20% sucrose in saline for 48 h, and frozen in liquid nitrogen-cooled isopentane. Coronal sections (12 m thick) were reacted for 48 h with a rat anti-mouse F4͞80 ab (Serotec, diluted 1:50) to visualize microglial cells, rabbit anti-cow glial fibrillary acidic protein ab (Dako, diluted 1: 500), and mouse anti-neuronal nuclei ab (Chemicon, diluted 1: 1,000) and with a rabbit polyclonal phospho-p38 MAPK (Thr-180͞Tyr-182) ab (New England Biolabs, diluted 1:1,000) to detect activated p38 MAPK. After incubation with biotinylated secondary ab (anti-rabbit IgG or anti-mouse IgG, Vector Elite kit, Vector Laboratories, or anti-rat IgG, Santa Cruz Biotechnology) and avidin-biotin complex (Vectastain Elite kit, Vector Laboratories), the avidinbiotin complex was visualized by H 2 O 2 and diaminobenzidine or Ni-diaminobenzidine. Cell counts are expressed as mean Ϯ SEM per field.
MAPK-Activated Protein Kinase-2 Activity Assay. p38 MAPK activity was determined indirectly from snap-frozen cortices by measuring the activity of MAPK activated protein kinase 2 (MAPKAP kinase-2), a specific substrate of p38 MAPK, with an immunoprecipitation kinase assay (Upstate Biotechnology, Lake Placid, NY) according to the manufacturer's instructions. After scanning the ECL Plus (Amersham Pharmacia) stained blots on a STORM fluoroimager (Molecular Dynamics), the detected bands were quantified by using IMAGE QUANT software (Molecular Dynamics).
Reverse Transcriptase (RT)-PCR. One microgram of DNase-treated (RQ1 DNase, RNase-free, Promega) total RNA, isolated from cortices of the mice with a 12-h MCA occlusion, served as a template in each RT-PCR (Robust RT-PCR kit, Finnzymes, Helsinki) reaction. To detect the extent of inducible nitric-oxide synthase (iNOS) mRNA expression, the specific primers were 5Ј-ACA ACGTGA AGA A A ACCCCT TGTG-3Ј and 5Ј-ACAGTTCCGAGCGTCAAAGACC-3Ј (261-284 and 796-817 in NM 010927, respectively). Reverse transcription was done at 60°C for 30 min. For PCR, the initial denaturation was done at 94°C for 2 min. Five cycles consisting of denaturation (94°C, 15 s), annealing (68°C, 30 s), and polymerization (72°C, 20 s) and another 35 cycles using an annealing temperature of 64°C were carried out. The reaction was stopped with polymerization at 72°C for 15 min. As a reference for the iNOS expression, RT-PCR of glyceraldehyde-3-phosphate dehydrogenase was done from each sample. The specific primers were 5Ј-ACCACAGTCCATGCCATCAC-3Ј and 5Ј-TCCACCACCCT-GTTGCTGTA-3Ј (566-585 and 998-1,017 in NM 008084, respectively). The RT-PCR profile was as follows: reverse transcription at 50°C for 30 min, initial denaturation at 94°C for 2 min, then altogether 25 cycles composed of denaturation (94°C, 15 s), annealing (58°C, 30 s), and polymerization (72°C, 45 s), and finally the extended polymerization at 72°C for 15 min. The amplification products were analyzed by running 9-l samples from iNOS reaction and 5-l samples from glyceraldehyde-3-phosphate dehydrogenase reactions on a 1.8% agarose gel.
Electrophoretic Mobility-Shift Assay. To characterize the binding activity of activator protein 1 (AP-1) transcription factor in nuclear extracts, samples were prepared from cortices dissected out 2 h after the MCA occlusion by the modified method of Dignam et al. (39) , described by Helenius et al. (40) in more detail. electrophoretic mobility-shift assay was performed as described earlier (40) . The films were quantified by using scanned images with IMAGE QUANT software (Molecular Dynamics).
Results

APP751 TG Mice
Have Increased Sensitivity to Brain Ischemia. Twentyfour hours after ischemia, a time-point where the maximal injury occurs in this model, the MRI data showed that at 8 months both TG pedigrees had 34% larger infarcts than WT mice, and at 20 months of age, the infarcts were 35% larger in the F10 pedigree and 41% larger in the F15 pedigree compared with age-matched WT mice (Fig. 1) . The physiological variables were within normal range in every animal group before the MCA occlusion (data not shown) and after the MCA occlusion (Table 1) (Fig. 2) , indicating that the difference in the infarct size between TG and WT mice was not because of greater flow reduction in APP751 mice. When the brains were exposed to topical application of 10 M acetylcholine, which has been reported to reveal 70% impairment in vasodilator responses in mutant APP-overexpressing mice (38) , no significant difference was seen in the vasodilation response between TG and WT mice (acetylcholine-induced CBF increase: APP751 TG 11 Ϯ 5%; WT 15 Ϯ 6%; P Ͼ 0.05, t test; n ϭ 5 per group).
Increased Microglial Activation in APP751 Mice. Using dually phosphorylated p38 MAPK ab as a marker, immunohistochemical analysis revealed sparsely distributed microglial cells with activated p38 MAPK in WT mice (20 mo: 7 Ϯ 5; 8 mo: 5 Ϯ 4 cells), but in TG mice about 3-fold increase in the density of phosphop38 MAPK-positive microglial cells (Fig. 3a) was seen throughout the brain, including the cortex (20 mo: 21 Ϯ 2; 8 mo: 19 Ϯ 2 cells; P Ͻ 0.05 for both age groups, t test, n ϭ 3-5 mice per group). p38 MAPK activity assayed by measuring activity of MAPKAP kinase-2 supported the finding of increased p38 MAPK in APP751 mouse brain (see Fig. 5a ). No neurons or astrocytes with phospho-p38 MAPK immunoreactivity were seen (data not shown). Thirty minutes after ischemia, a dramatic induction of phospho-p38 MAPK-positive neurons in the ischemic territory was seen both in WT (137 Ϯ 11 neurons; n ϭ 3) and TG (120 Ϯ 10 neurons; n ϭ 3) mice with no statistical Mean Ϯ SEM. There were no differences between the groups (P Ͼ 0.05, ANOVA, n ϭ 6 per group). difference between the groups. At 24 h, the neuronal induction of phospho-p38 MAPK was completely over in all animals. In contrast, the density of phospho-p38 MAPK-positive microglial cells in peri-infarct regions remained at a significantly higher level in TG mice than in WT mice at 20 months of age (TG: 38 Ϯ 4; WT 9 Ϯ 3 cells; P Ͻ 0.01, t test, n ϭ 5 per group) as well as at 8 months (TG: 26 Ϯ 0; WT 6 Ϯ 2 cells; P Ͻ 0.001, t test, n ϭ 3-5) (Fig. 3 b and c) . In line with the difference in p38 MAPK activation, we found enhanced microgliosis ( Fig. 3 d and e) in TG mice compared with WT mice 24 h after ischemia. These findings indicated that inflammation might contribute to the increased vulnerability observed in APP751 TG mice.
Aspirin and Selective p38 MAPK Inhibitor Abolish Increased Inflammation and Ischemic Sensitivity of APP751 TG Mice. ASA is a wide-spectrum antiinflammatory compound known to inhibit activation of various inflammatory enzymes, including cyclooxygenases, iNOS, and even p38 MAPK (41) (42) (43) . Administration of ASA reduced the infarct volume in APP751 mice to the size indifferent from the infarcts in untreated WT mice but did not significantly alter the infarct size in WT mice (Fig. 4a) . ASA treatment also reduced microgliosis at 24 h after the onset of MCA occlusion. Although ASA reduced the phospho-p38 MAPK immunoreactivity in the brain as expected, the effect of ASA on the density of phospho-p38 MAPK-positive neurons at 30 min after the onset of MCA occlusion was similar in TG and WT mice (Fig. 4d) . Importantly, ASA treatment did not alter physiological variables (Table 1) or CBF (data not shown).
To study the specific role of p38 MAPK in the increased ischemic vulnerability of APP751-overexpressing mice, we treated the mice i.p. with SD-282. This compound is a selective and potent inhibitor of p38 ␣ and ␤ with IC 50 of 1.14 nM and 2.14 M, respectively. It does not inhibit other MAPKs or related kinases at concentrations under 10 M. The IC 50 of SD-282 for lipopolysaccharide-induced tumor necrosis factor ␣ in rat alveolar macrophages is 10 nM. An i.p. injection of 10 mg͞kg SD-282 in mice results in 11 M plasma concentration with a half-life of about 70 min.
When SD-282 was given 10 mg͞kg twice with an interval of 2 h, MAPKAP kinase-2 activity in the brains of APP751 mice decreased significantly (Ϫ51%, P Ͻ 0.05, ANOVA, when compared with vehicle-treated APP751 mice) to the level seen in WT mice, in which the treatment with SD-282 did not significantly (Ϫ19%) alter the activity (Fig. 5a ). This result indicates that the inhibitor may sufficiently penetrate the blood-brain barrier to inhibit up-regulated p38 MAPK activity in the brain. Administration of SD-282 reduced the infarct volume by 31% and completely abolished the difference seen between the vehicletreated TG and WT mice. In addition, a slight reduction (18.7%) was seen also in WT mice (Fig. 5b) . The SD-282 treatment did not alter CBF (data not shown) or physiological variables (Table  1) . Instead, SD-282 reduced microglial activation as we detected a lower number of F4͞80-positive ameboid microglial cells in peri-infarct areas at 24 h after the MCA occlusion (WT vehicle treated, 20 Ϯ 1; WT SD-282 treated, 10 Ϯ 3; APP751 TG vehicle treated, 32 Ϯ 5; APP751 TG SD-282 treated, 13 Ϯ 2 cells; P Ͻ 0.05, Kruskal-Wallis H test), reduced nuclear binding activity of AP-1 (Fig. 5c) , and reduced iNOS expression (Fig. 5d ) in APP751 mice after ischemia, indicating amelioration of inflammation and p38 MAPK signaling pathway in the treated mice.
Discussion
We have demonstrated that neuronal overexpression of human wild-type APP751 in mice, which does not result in plaque formation, increases neuronal vulnerability and microgliosis after ischemic insult. p38 MAPK activity is up-regulated specifically in microglial cells of APP751 mice, suggesting that neuronal overexpression of APP751 stimulates microglial cells rendering the brain more vulnerable to ischemia. Consistent with this hypothesis, aspirin, a wide-spectrum antiinflammatory drug with ability to inhibit AP-1 and nuclear factor B (NF-B) DNA binding (44) , and SD-282, a selective and potent inhibitor of p38 MAPK, abolish both the increased neuronal vulnerability and enhanced inflammation. Even though the F10 pedigree of APP751 TG mice do not develop as severe learning and memory deficit as the F15 mice by 6 months of age (34) , both pedigrees showed similar vulnerability to focal ischemic damage at 8 months of age. This suggests that the eventual molecular mechanisms leading to these two kinds of pathologies may be different, as also supported by our finding that ischemic vulnerability did not increase between 8 and 20 months of age unlike the behavioral deficit. Whether anti-inflammatories ameliorate the behavioral deficit in these mice remains to be investigated.
Previous studies have demonstrated that also transgenic mice expressing mutant APP have increased ischemic vulnerability (38) , which is in agreement with our findings. Mutant APP mice show A␤-mediated cerebrovascular dysfunction (38, 45, 46) , which may be a mechanism behind the increased cerebral vulnerability observed in those mice. Unlike the mutant APP mice, which produce high A␤ concentrations in the brain, APP751 mice have normal CBF and cerebral vascular reactivity to acetylcholine, excluding the role of impaired vasodilation in the increased vulnerability observed in the present study.
It is well established that p38 MAPK pathway in inflammatory cells activates transcription factors such as NF-B and AP-1, resulting in the expression of iNOS, tumor necrosis factor-␣, and IL-1␤ (47), all of which have been implicated in ischemic neuronal death. Our finding that attenuation of ischemiainduced expression of iNOS mRNA and AP-1 binding activity is associated with reduced infarct size in APP751 mice after SD-282 treatment supports the hypothesis that reduction of p38 MAPK-mediated inflammation is responsible for the enhanced ischemic vulnerability in APP751 mouse brain.
We found that p38 MAPK is transiently activated in neurons 30 min after the onset of focal ischemia. p38 MAPK activation in neurons was similar in APP751 and WT mice, indicating that this neuronal activation is unlikely to have a role in the increased ischemic vulnerability seen in APP751 mice. However, it is well possible that inhibition of p38 MAPK pathway is beneficial in ischemic injury in general because p38 MAPK activation can promote apoptotic neuronal death (48) (49) (50) . In agreement with this idea, treatment with the specific p38 MAPK inhibitor resulted in a slight reduction of infarct size in WT mice, a finding previously reported in rat ischemia model (51) .
Signaling pathways of several MAPKs, including p38 MAPK, are crucial for leukocyte adhesion to endothelium (47) , suggesting that inhibition of p38 MAPK could reduce inflammation and ischemic brain injury by preventing recruitment of leukocytes into the ischemic brain territory. Because previous studies have demonstrated that anti-adhesion therapies are beneficial only in transient ischemia models, which allow reperfusion to the ischemic brain, but not in permanent ischemia model used in the present study (52) , it is unlikely that p38 MAPK of endothelial cells or leukocytes has a significant role in the ischemic vulnerability observed in APP751 mice. Moreover, we failed to detect any activated p38 MAPK in the endothelial cells, and the treatment with the specific inhibitor of p38 MAPK did not reduce the number of peripheral cells detected in the ischemic core of APP751 mice (unpublished data).
Similar to sporadic AD cases, our transgenic mouse model overexpresses human wild-type APP751 in neurons, recapitulates early histopathological features of AD, and develops a specific and progressive memory and learning impairment (33) (34) (35) (36) . Our finding that p38 MAPK mediates ischemic brain vulnerability in APP751-overexpressing mice may have clinical implications. A vast majority of AD patients exhibit cerebrovascular pathology (20) . Vascular risk factors also intensify the AD symptoms, and AD pathology is more severe in patients with coexisting cerebral infarcts (22, 23) . Because inflammation is thought to contribute to the progression of AD, our demonstration that ischemia-induced inflammation is more detrimental in APP751-overexpressing mice than in WT mice further supports the hypothesis that cerebrovascular diseases enhance AD pathology by a mechanism which may be prevented by antiinflammatory drugs such as p38 MAPK inhibitors.
